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Successful management of coastal environments requires reliable monitoring methods
and indicators. Besides Chlorophyll-a concentration (Chl-a), water transparency
measured as Secchi Depth (ZSD) is widely used in Baltic Sea management for water
quality assessment as eutrophication indicator. However, in many coastal waters not
only phytoplankton but also colored dissolved organic matter (CDOM) and suspended
particulate matter (SPM) influence the under-water light field, and therefore the ZSD. In this
study all three main optical variables (CDOM, Chl-a, and SPM [organic and inorganic]) as
well as ZSD were measured in three Swedish regions: the Bothnian Sea, the Baltic Proper,
and the Skagerrak in 2010–2014. Regional multiple regressions with Chl-a, CDOM, and
inorganic SPM as predictors explained the variations in ZSD well (R
2
adj = 0.53–0.84).
Commonality analyses of the regressions indicated considerable differences between
regions regarding the contribution of each factor to the variance, R2adj, in ZSD. CDOM
explained most of the variance in the Bothnian Sea and the Skagerrak; in general, Chl-a
contributed only modestly to the ZSD variance. In the Baltic Proper the largest contribution
was from the interaction of all three variables. As expected, the link between Chl-a
and ZSD was much weaker in the Bothnian Sea with high CDOM absorption and SPM
concentration. When applying the Swedish EU Water Framework Directive threshold for
Good/Moderate Chl-a status in the models it was shown that ZSD is neither a sufficient
indicator for eutrophication, nor for changes in Chl-a. Natural coastal gradients in CDOM
and SPM influence the reference conditions for ZSD and other eutrophication indicators,
such as the depth distribution of macro-algae. Hence, setting targets for these indicators
based on reference Chl-a concentrations and simple Chl-a to ZSD relationships might in
some cases be inappropriate andmisleading due to overestimation of water transparency
under natural conditions.
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INTRODUCTION
Human activities have increased the transport of nutrients and
organic matter from land to coastal waters, often resulting
in eutrophication (Nixon, 1995). Eutrophication increases
phytoplankton biomass and the chlorophyll-a concentration
(Chl-a) decreases light availability for benthic vegetation (Nixon,
1995), and—if severe—can deplete oxygen near the sea bottoms
with fatal effects on benthic fauna (Diaz and Rosenberg, 2008).
In the Baltic Sea, eutrophication is one of the main challenges
for good water quality (HELCOM, 2009; Jutterström et al.,
2014) and several international agreements and programs are in
place in order to mitigate the negative effects. The EU Water
Framework Directive (WFD) focuses on the coastal zone, while
the EUMarine Strategy FrameworkDirective (MSFD) (European
Commission, 2000, 2008) as well as the Helsinki Commission’s
Baltic Sea Action Plan (HELCOM, 2007, 2009) focus mainly on
targets for the open Baltic Sea basins. The coordinated policy
actions taken so far within the Baltic Sea drainage basin have
reduced some of the undesirable perturbations of eutrophication,
but further improvements are still needed (Riemann et al., 2015;
Andersen et al., 2017).
Eutrophication does not only change the nutrient conditions
but may also alter the light environment and the light availability
for photosynthetic primary production. Sunlight absorbed by
phytoplankton is the prime energy source for pelagic food webs
(Wozniak and Dera, 2007). Increased phytoplankton abundance
increases the attenuation of light (Kd)—i.e., the gradual loss of
light with depth—as more light is both absorbed and scattered
in the visible wavelengths. However, in optically-complex waters,
such as the Baltic Sea and many coastal areas, the light
attenuation is also affected by riverine inputs of suspended
particulate matter (SPM) (Kratzer and Tett, 2009; Gallegos et al.,
2011; Aas et al., 2014; Capuzzo et al., 2015) and colored dissolved
organic matter (CDOM) (Kowalczuk et al., 2005; Kratzer and
Tett, 2009; Gallegos et al., 2011; Aas et al., 2014). In addition,
erosion and resuspension of shallow coastal sediments add SPM
to the water mass, to large extent as clay mineral (inorganic)
particles (Blomqvist and Larsson, 1994). Depending on the
relative proportions of organic and inorganic components, SPM
interacts differently with light. Similarly to CDOM, organic SPM
absorb light mostly in the blue wavelengths (Morel and Prieur,
1977) whereas inorganic SPM mostly scatters the light (Kirk,
2011).
Kd is dependent both on absorption and scatter, but it is a non-
linear function of the present optical components (Kirk, 2011).
According to Kirk, spectral Kd (i.e., wavelength dependent Kd)
can be estimated from spectral a (absorption) and b (scattering)
in the following way:
Kd = µ
−1
0 [a
2
+ (g1g1 ∗ µ0 − g2) a ∗ b]
0.5 (Kirk, 2011) (1)
where µo refers to the cosine of the refracted solar beam just
below the surface (about 0.86 in the NW Baltic Sea, Alikas et al.,
2015). The constants g1 = 0.425 and g2 = 0.19 were estimated
by Kirk (2011). All combinations of optical in-water components
that scatter or absorb light influence Kd, and Kd is strongly
inversely related to water transparency measured as Secchi depth
(ZSD) (Jerlov, 1976; Preisendorfer, 1986; Wozniak and Dera,
2007; Siegel and Gerth, 2008; Kirk, 2011). ZSD is measured with
a white disc that is lowered down the water column until the
depth at which it is not visible anymore; this depth is noted as
ZSD (Secchi, 1866; HELCOM, 2017). ZSD is a rough proxy for
water transparency as it directly detects changes in the visible
underwater light field (Preisendorfer, 1986). In coastal optically-
complex waters the CDOM, SPM and phytoplankton biomass
often co-vary, affecting Kd (Morel and Prieur, 1977) and the
observed ZSD readings simultaneously. Detailed descriptions of
the theory for the relationship of ZSD toKd and optical properties
are given by e.g., Preisendorfer (1986) and Kirk (2011), and
recently by Aas et al. (2014) and Lee et al. (2015).
Reduced water transparency is regarded as a decrease in water
quality (European Commission, 2000, 2008; HELCOM, 2007)
and changes in the underwater light field can reduce both the
primary production (Lyngsgaard et al., 2014) and the depth
distribution of macrophytes (Orth et al., 2010).
Phytoplankton biomass is often estimated from the Chl-
a concentration (Morel, 1980). Chl-a is therefore one of the
commonly measured parameters to trace eutrophication within
aquatic monitoring programs (HELCOM, 2007, 2017). ZSD is
generally assumed to be inversely related to phytoplankton
biomass and is used as an indirect eutrophication indicator
(Karydis, 2009; Devlin et al., 2011; Fleming-Lehtinen, 2016) or
even as a proxy for Chl-a (Boyce et al., 2010). Strong inverse
relationships between Chl-a and ZSD (Lewis et al., 1988; Boyce
et al., 2010) and Kd (Smith and Baker, 1978) have been
demonstrated for clear open sea waters.
Time series of ZSD have shown decreased transparency in the
North Sea (Dupont and Aksnes, 2013; Capuzzo et al., 2015),
the Baltic Sea (Sandén and Håkansson, 1996; Fleming-Lehtinen
and Laamanen, 2012; Dupont and Aksnes, 2013), and the North
Atlantic (Gallegos et al., 2011). This is mostly explained with
increased phytoplankton biomass, but resuspension of sediments
and the brownification of natural waters has also been discussed.
In optically-complex coastal waters, however, the assumption of a
direct inverse relationship between Chl-a and ZSD, i.e., that Chl-a
solely determines ZSD, will neglect potential effects of spatial and
temporal changes in SPM and CDOM.
There have been several local or regional investigations on
how much the different optical components contribute to Kd in
coastal waters (Lund-Hansen, 2004; Kratzer and Tett, 2009; Aas
et al., 2014; Murray et al., 2015) or lakes (Thrane et al., 2014;
Watanabe et al., 2015). In Himmerfjärden bay in the Baltic Sea,
included in this study, inorganic SPM had the strongest effect
on the coastal spatial gradient in Kd (Kratzer and Tett, 2009)
although the Kd (and thus also the ZSD) in the Baltic Sea is
generally governed by CDOM absorption due to its dark, humic-
rich waters (Kowalczuk et al., 2006; Skoog et al., 2011; Gustafsson
et al., 2014; Harvey et al., 2015a). However, knowledge about
the relative contributions of the different optical parameters
to variations in ZSD in different Baltic Sea coastal gradients
is still limited. It is important for Baltic Sea management to
know what the variations in ZSD depend on locally to enable
a better-informed use of ZSD as a water quality parameter.
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Assumptions of what determines natural ZSD gradients from
inner to outer coastal areas will influence the expected reference
conditions within the WFD for e.g., the depth distribution of
benthic vegetation. Since there are coastal gradients also for
CDOM and SPM, simple general Chl-a to ZSD relationships will
tend to overestimate the influence of Chl-a on ZSD. Reference
values for ZSD for inner coastal areas estimated from such
relationships in combination with modeled Chl-a reference
values can therefore over-estimate the reference values for ZSD.
This study aims to examine how much Chl-a, inorganic
SPM and CDOM contribute to the variations in ZSD in coastal
gradients of three different regions with variable concentrations
of optical parameters: the Bothnian Sea (BS) in the northern
Baltic Sea with very high CDOM absorption, the Baltic Proper
(BP) with high CDOM and high SPM near the coast and
in the Skagerrak (SK) with lower CDOM absorption. We
hypothesized that the direct link between Chl-a and ZSD was
weaker in areas of high CDOM absorption and SPM scatter.
Furthermore, we investigated how much CDOM and inorganic
SPM affect the predictions of changes in ZSD by empirical models,
when the Chl-a reference values and the respective level for
Good/Moderate (G/M) status is applied.
DATA SOURCES AND METHODS
Areas of Investigation
The Baltic Sea is a semi-enclosed brackish sea, connecting to the
North Sea through the Kattegat and the Skagerrak, with several
basins separated by sills and shallow areas. In the north, the
Bothnian basins have high run-off from land and very low surface
salinity (2–6). In the central parts of the BP the salinity is around
7. At the Swedish West coast, the influence of the North Sea is
more pronounced, resulting in almost marine conditions in the
SK and the Kattegat (salinity 18–26) (Voipio, 1981; Leppäranta
and Myrberg, 2009; Deutsch et al., 2012), and a clear influence
by tidal action. In the northern basins, there is a strong gradient
in CDOM absorption due to the restricted water exchange and a
relatively large run-off, discoloring the water distinctly brownish
(Jerlov, 1976; Kirk, 2011; Skoog et al., 2011).
We collected samples along several near-shore to off-shore
gradients in the BS, the BP and the SK in order to cover
representative ranges of values in each sub-area within the
regions. The northern-most water samples were collected at
18 locations in a coastal gradient in the Öre Estuary in
the western BS, sampled from May to early September 2010
(Figure 1, Table 1). The Öre Estuary receives a large water
inflow from the Öre River, especially during spring (up to 290
m3s−1), transporting nutrients, dissolved, and particulate matter
originating from the mountains and surrounding bog areas
(Harvey et al., 2015a).
Data from the BP are from seven gradients reaching inner
coastal waters to the open sea (Figure 1). A total of 28
locations were sampled from June to early September 2010
to 2014 (Table 1). The Östhammar gradient (sub-area BP.1)
is situated in the archipelago of Uppsala County, north of
Stockholm, in southern BS but in proximity to the BP and
was still included in the BP data set due to the low freshwater
inflow compared to the northern part of the BS. There is
only a weak salinity gradient in the BP.1 subarea, and it is
the receiver of a Waste Water Treatment Plant (WWTP).
The inner coastal area is eutrophicated with relatively high
Chl-a concentrations. Himmerfjärden bay (BP.2), situated in
the southern Stockholm archipelago, is a large fjord-like bay
consisting of several basins with low freshwater input and
restricted water exchange. The inner Himmerfjärden bay is a
receiver of a regional largeWWTP and the area shows symptoms
of eutrophication, with increased phytoplankton biomass and
decreased ZSD (Engqvist, 1996; Savage et al., 2002). Gälöfjärden
(BP.3) is a small, shallow bay southwest of Himmerfjärden bay
with relatively high resuspension of sediments. Nyköping bay
(BP.4), situated further south of Stockholm and Himmerfjärden
bay, is a shallow estuary that receives the freshwater inputs
of three rivers (Figure 1). The city of Nyköping and its
WWTP are located in the inner part of the estuary. The
large fresh water inflow and the restricted water exchange in
this shallow area, create strong gradients in salinity, nutrients,
Chl-a concentration and ZSD. Bråviken bay (BP.5) is deep
(ca 30m) in its central and outer parts, but its inner-most
part is rather shallow, with a high freshwater inflow from the
river Motala Ström, entering through the city of Norrköping.
Slätbaken (BP.6) is a relatively deep bay with sills restricting the
water exchange and with a nutrient-rich freshwater inflow that
seems to cause the relatively high Chl-a levels. Two locations
situated south of Slätbaken, close to one-another, were also
included in the study [Kaggebofjärden and Lindödjupet (sub-
area BP.7)].
In the SK region, 15 locations were sampled in June to August
2012 to 2013 in an elongated fjord system between the islands
Orust and Tjörn and the mainland (Figure 1, Table 1). The
innermost sub-area Byfjorden (SK.1) is situated at the head of the
fjord system with a large freshwater input from the river Bäveån.
The discharge of the WWTP of the city of Uddevalla is located
near the river mouth. Byfjorden is eutrophicated, with high
levels of nitrogen and Chl-a and low ZSD. Further sub-areas are
Havstensfjorden (SK.2), Askeröfjorden (SK.3), and Hakefjorden
(SK.4). Hakefjorden receives freshwater from the river Göta Älv,
causing (similar as in Byfjorden) a slightly lower salinity (of∼18)
than in the other sub-areas (salinities ∼20). Marstrandsfjorden
(SK.5) is directly connected to the open sea and has the lowest
Chl-a concentrations.
In situ Data of Secchi Depth, Chl-a, CDOM,
and SPM
At each sampling station all optical water quality parameters
(ZSD, Chl-a, CDOM, SPM) weremeasured or sampled. The water
transparency (i.e., ZSD) was measured with a white Secchi disc
(25 cm in BS and most BP areas and 30 cm in diameter in SK and
for some occasions in BP.2), taken on the shady side of the ship
in order to avoid the influence of sun reflection on the viewer’s
perception of the ZSD. A water telescope was used in the BP for
ZSD measurements in order to reduce the sun glint (Werdell,
2010; HELCOM, 2017). Water samples for measuring Chl-a,
CDOM, and SPM were collected just below the surface with a
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FIGURE 1 | Map of regions and sub-areas showing sampling locations. Maps © Lantmäteriet, Gävle 2010, and permission I2014/00691.
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TABLE 1 | Locations (sampling stations), number of observations (n), and measurement periods for regions and sub-areas.
Region/sub-area Shortening Locations n Time period
BOTHNIAN SEA
Öre Estuary BS 18 161 2010-05-18 – 2010-09-20
BALTIC PROPER
Östhammar bay BP.1 6 10 2010-07-18 – 2010-08-23
6 12 2011-07-20 – 2010-08-24
Himmerfjärden bay BP.2 6 22 2010-05-18 – 2010-08-17
8 24 2011-07-18 – 2012-05-03
Gälöfjärden BP.3 2 2 2010-08-17 – 2010-08-17
2 4 2011-07-16 – 2011-08-15
Nyköping BP.4 4 4 2010-08-16 – 2010-08-16
5 9 2011-07-16 – 2011-08-15
3 6 2012-07-17 – 2012-09-03
2 3 2014-07-15 – 2014-09-01
Bråviken bay BP.5 2 4 2012-06-18 – 2012-08-20
2 6 2013-06-17 – 2013-08-12
Slätbaken BP.6 3 6 2012-07-24 – 2012-08-21
3 9 2013-06-18 – 2013-08-13
Kaggebofjärden BP.7 1 2 2012-06-20 – 2012-07-26
1 3 2013-06-19 – 2013-08-14
Lindödjupet BP.7 1 3 2012-06-20 – 2012-08-23
1 2 2013-07-11 – 2013-08-14
SKAGERRAK
Byfjorden SK.1 3 9 2013-06-03 – 2013-08-07
Havstensfjorden SK.2 3 18 2012-05-29 – 2012-08-22
3 9 2013-06-03 – 2013-08-07
Askeröfjorden SK.3 3 18 2012-05-30 – 2012-08-22
3 9 2013-06-03 – 2013-08-07
Hakefjorden SK.4 3 18 2012-05-30 – 2012-08-22
3 9 2013-06-03 – 2013-08-07
Marstrandsfjorden SK.5 3 16 2012-05-29 – 2012-08-22
3 9 2013-06-03 – 2013-08-06
TOTAL
Bothnian Sea 18 161
Baltic Proper 26 131
Skagerrak 15 115
special sampling bucket or a Ruttner sampler. The laboratory
analyses were carried out according to established protocols or
ISO- standards; Chl-a in BS and SK by HELCOM (2017) and in
the BP according to Jeffrey and Vesk (1997) or HELCOM (2017),
CDOM by Kirk (2011). In SK and BS samples were extracted
with ethanol followed by fluorometry, in the BP extracted with
ethanol or acetone followed by spectrophotometry. The analyses
were conducted by both accredited monitoring labs (Jeffrey and
Vesk, 1997; Werdell, 2010) as well as by a specialized bio-
optics research group following established ESAMERIS protocol.
The slight differences in the methods were shown to have little
influence on the results, and extensive tests by the Marine
Ecology Laboratory at Stockholm University prior changes from
acetone to ethanol in the Chl-a extraction in various monitoring
programmes, showed no difference between these methods. Also,
a recent evaluation of the CDOM filtration method using glass
vs. plastic filtration gear did not show any significant differences.
SPM (inorganic fraction, SPIM and organic fraction, SPOM) was
determined gravimetrically (Strickland and Parsons, 1972) with
one replicate in the BS and the SK, three replicates per station in
most cases in the BP. A more detailed description of the methods
for the optical data and data collection for this study can be
found in Kratzer et al. (2003), Kratzer and Tett (2009), Harvey
et al. (2015a,b), and Kari et al. (2017). In Aas et al. (2014) a
detailed evaluation of error sources for ZSD measurements are
given. It was found that wind-wave effects caused most errors
by stirring the surface and increasing the sun glint. The use of a
water telescope increased the ZSD with 10–20% (Aas et al., 2014),
whilst the wind effect at the surface caused a decrease in the same
order (11%) (Sandén and Håkansson, 1996). The difference of
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using a disc with 10 rather than 30 cm in diameter reduced the
average ZSD by 10–20% (Aas et al., 2014). However, a recent inter-
comparison betweenUmeå and StockholmUniversities found no
significant difference when comparing the use of Secchi disks of
25 vs. 30 cm diameter. Also, the data from different regions were
here analyzed separately so the results are comparable within
each respective region. For this study the overall relative error
for ZSD was calculated from the coefficient of variation to below
2.6%. The error for the trichromatic Chl-a analysis is within 7–
10% (Kratzer, 2000; Sørensen et al., 2007), and the SPM method
has an error of about 10–13% (Kratzer, 2000; Kari et al., 2017),
dependent on the range of SPM values. The error for CDOM
absorption is within 6% (Harvey et al., 2015a).
Data is provided via Stockholm University, Umeå University,
and SMHI upon request. Most of the Chl-a data are available
within the national monitoring programme and accessible
via the Swedish Oceanographic Data Center at SMHI (the
SHARK-database, http://sharkweb.smhi.se), other are hosted
by Umeå University or the Marine Ecology Laboratory at
the Department of Ecology, Environment and Plant Sciences,
Stockholm University. For the CDOM and SPM data some
are also available in SHARK. The ranges of values of optical
properties for all regions are shown in tables, and these ranges are
required for constraining e.g., regional radiative transfer models.
Data Analysis
Correlations between ZSD and the predicting variables, i.e.,
CDOM, SPM (inorganic fraction, SPIM) and Chl-a, as well
as between the different predictors were tested for possible
collinearity for each region. The correlations were derived
applying Pearson’s correlation on ln-transformed data (where ln
stands for natural logarithm).
Multiple general linear models (GLMs) for ZSD with Gaussian
distribution family were used for the first data analysis step,
treating “region,” “season,” and “sub-area” as categorical variables
to estimate the slopes of possible spatial differences. Generally,
only small amounts of SPIM originate from phytoplankton and
thus, inorganic SPM (SPIM) is used here as a proxy for land-
derived and/or resuspended SPM. Organic SPM is assumed to be
strongly linked to phytoplankton biomass and therefore already
represented by Chl-a. Hence, in the model ZSD was response
variable, and Chl-a, SPIM, and CDOM potential explanatory
variables. In order to evaluate the performance of the models
the modeled ZSD was evaluated against the measured ZSD, the
Root Mean Square Error (RMSE; unit in meters), the Normalized
Root Mean Square Error (NRMSE, unit in percentage) and the
Mean Normalized Bias (MNB; unit in percentage) as well as
95% Confidence Intervals (CI) for the model coefficients. It
should be noted that the error metrics for the models here only
refer to the fit of each model to the existing regional data sets,
but do not indicate how reproducible each model is. For this,
an independent data set would be needed for regional model
evaluation.
The second step was to apply commonality analysis based on
the GLMs to reveal how much each predicting variable uniquely
affects the variation in ZSD as well as the common contribution
with the other variables (i.e., that cannot be separated due to
collinearity) (Kraha et al., 2012; Dormann et al., 2013; Ray-
Mukherjee et al., 2014). Commonality analysis is not widely
used within ecological research, but is well-established within
psychology, social sciences and education. A good description
with ecological examples are given in Ray-Mukherjee et al. (2014)
and the use of commonality analysis splits the adjusted coefficient
of determination (R2adj) into a unique and a common variance
of the predicting variables (Chl-a, CDOM and SPIM) to the
ZSD and thereby contributes to an improved understanding and
interpretation of the different effects on ZSD. The analysis takes
the often-neglected collinearity between the predicting variables
into account and enables for follow-up analyses of the GLMs.
The GLMs were used to predict the potential increases
in summer ZSD at decreased Chl-a levels, i.e., simulating an
improved eutrophication status according to EU WFD and
MSFD (for some outer locations). For each water body or region,
the GLMs were used to calculate ZSD using Chl-a concentrations
adjusted to the respective reference (pristine) and G/M boundary
Chl-a values. The reference and G/M thresholds values for Chl-
a were calculated according to the specified salinity-dependent
equations or the defined thresholds were used according to the
Swedish Agency for Marine and Water Management (SwAM,
2012, 2015). The modeled changes in ZSD were recalculated to
deviation in % difference from the ZSD G/M threshold for each
water body or region. A deviation of 0% equals the G/M ZSD
threshold, a negative deviation indicates a lower ZSD, and that
the ZSD threshold for G/M status has not been reached. A positive
value indicates that the ZSD threshold has been exceeded, i.e., the
ZSD is greater than the respective threshold value, thus indicating
good water quality. The deviations from the G/M ZSD threshold
were then compared to the observed ZSD for each sub-area within
each region.
Assumptions of independence, normality and
heteroscedasticity were tested, and all data were ln-transformed
to achieve normal distribution. Residual analysis and model
evaluations were performed for all statistical tests. The number
of observations (n) is given for each analysis and the confidence
level was set to 5%. For all graphs, statistical and data analyses R
3.0.1 was used (R Core Team, 2013).
RESULTS
The highest average ZSD was found in the SK area (6.2 ± 1.7m,
mean ± one standard deviation), the lowest in the BS (3.7 ±
0.9m), and slightly higher in the BP (3.8± 2.3m). Table 2 shows
the ranges, means, medians, standard deviations (Stdev) and
standard errors of the mean (SEM) for ZSD, Chl-a, CDOM and
SPM (total SPM, and SPIM and SPOM fractions) for the three
regions. The same data are presented as boxplots for all sub-areas
in the Figures S1–S3.
Data Selection and Empirical Models
A pooled GLM for ZSD for all regions had high predictive
power (R2adj = 0.85, n = 406). However, this model was
not representative for each individual region since stepwise
GLMs showed significantly different model parameters between
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TABLE 2 | Sampled water quality variables for the three regions with spring (May) and summer (June–August) data for the Bothnian Sea (BS) and summer (June–August)
data from both the Baltic Proper (BP) and the Skagerrak (SK) regions.
Region ZSD m Chl-a µg l−1 CDOM abs.m
−1 SPM g m−3 SPIM g m−3 SPOM g m−3 Salinity n
BOTHNIAN SEA
Spring Min–Max 0.5–3.5 0.5–96.4 1.5–8.8 0.2–20.9 0.2–18 0.1–5.6 0.0–2.5 30
Mean ± SEM 1.3 ± 0.2 16.1 ± 4.8 5 ± 0.5 6.4 ± 1 4.4 ± 0.9 1.9 ± 0.3 1.2 ± 0.2
Median 0.8 4 4.5 6 2.7 1.4 1.4
Stdev. 1 26.1 2.7 5.4 4.9 1.5 0.9
Summer Min-Max 1.1–6.0 1–8.3 0.8–7 0.4–3 0.2–2 0.1–1.1 0.2–2.9 131
Mean ± SEM 3.7 ± 0.08 2.4 ± 0.1 1.7 ± 0.1 1.4 ± 0.04 0.6 ± 0.03 0.7 ± 0.02 2.4 ± 0.05
Median 3.8 2.2 1.3 1.27 0.6 0.7 2.6
Stdev. 0.9 1.2 1.3 0.4 0.3 0.2 0.5
BALTIC PROPER
Summer Min-Max 0.7–12.8 0.9–52.4 0.3–4.1 0.4–21.7 0.1–16.1 >0.1–9.1 0.28–6.5 137
Mean ± SEM 3.8 ± 0.2 7.4 ± 0.7 0.8 ± 0.05 3.3 ± 0.3 2.1 ± 0.3 1.2 ± 0.1 5.1 ± 0.1
Median 3.4 4.8 0.6 2 1.3 0.8 5.6
Stdev. 2.3 8.1 0.6 3.3 2.4 1.2 1.4
SKAGERRAK
Summer Min-Max 2.5–12 0.4–7.4 0.2–1.5 2–22.8 1.2–15.6 0.7–10.5 16.2–23.7 115
Mean ± SEM 6.2 ± 0.2 3 ± 0.2 0.4 ± 0.02 6.5 ± 0.3 3.2 ± 0.2 3.2 ± 0.1 20 ± 0.2
Median 6 2.4 0.4 5.9 2.9 2.9 19.9
Stdev. 1.7 1.9 0.2 2.9 2 1.4 1.6
The table shows the ranges, mean, standard error of the mean (SEM), median and standard deviation (Stdev.) for Secchi depth (ZSD), Chlorophyll-a concentration (Chl-a), colored
dissolved organic matter (CDOM), suspended particulate matter (SPM), inorganic suspended particulate matter (SPIM), organic suspended particulate matter (SPOM), Salinity and
Number of observations (n).
TABLE 3 | Results from the empirical multiple regression models per region, based on the data selection from the GLM’s.
Model Empirical model R2adj p-value
intercept
p-value
Chl−a
p-value
SPIM
p-value
CDOM
n df RMSE (m) NRMSE (%) MNB (%)
All regions lnZSD = 1.5–0.26*lnChl-a
−0.13*lnSPIM-0.54*lnCDOM
0.81 < 0.001 < 0.001 < 0.001 < 0.001 406 402 1.1 9 -
MAIN
Bothnian Sea
summer
lnZSD = 1.5–0.13*lnChl-
a−0.003*lnSPIM-0.38*lnCDOM
0.54 < 0.001 < 0.01 0.096n.s. < 0.001 131 127 0.6 13 −1.9
Baltic Proper
general
lnZSD = 1.6–0.27*lnChl-a
−0.35*lnSPIM-0.09*lnCDOM
0.84 < 0.001 < 0.001 < 0.001 0.271n.s. 85 81 1.1 9 −3.0
Skagerrak
ModelS1
lnZSD = 1.50–0.12*lnChl-a
+0.04*lnSPIM-0.50*lnCDOM
0.64 < 0.001 < 0.01 0.400n.s < 0.001 61 57 1.0 11 −1.6
ADDITIONAL
Bothnian Sea
spring
lnZSD = 1.4–0.18*lnChl-a
−0.18*lnSPIM-0.66*lnCDOM
0.80 < 0.001 < 0.001 0.015 < 0.001 30 26 0.4 14 −3.6
Baltic Proper
Himmerfjärden
lnZSD = 1.6–0.25*lnChl-a
−0.14*lnSPIM-0.40*lnCDOM
0.82 < 0.001 < 0.001 < 0.001 < 0.001 46 42 0.9 9 −1.3
Skagerrak
Models2
lnZSD = 1.50–0.15*lnChl-a
−0.11*lnSPIM-0.50*lnCDOM
0.53 < 0.001 < 0.001 0.027 < 0.001 54 50 1.0 16 −1.7
The table shows the coefficient of determination (R2adjusted ), p-values for the intercepts and the coefficients for each predicting parameter. Non-significant parameters are denoted n.s.
The number of observations (n) and the degree of freedom (df) for the models are also presented, as well as the root mean square error (RMSE), the normalized root mean square error
(NRMSE) and the Mean Normalized Bias (MNB). The model for all regions, three main models and additional ones for the regions are presented.
regions (Table 3). Further analyses per region showed differences
between seasons and between gradients. Hence, the selected
models for further analyses were focused on the summer data,
the assessment period for both Chl-a and ZSD. The BS model had
moderately variable input data, except for ZSD (Figures S1–S3),
giving a relatively low predictive power (R2adj = 0.54, n =
131) for ZSD. The SPIM component was not significant but
was still included in the analysis (see motivation below). In
the BP region the model chosen was based on data from all
gradients (R2adj = 0.84, n= 85) except for Himmerfjärden (BP.2),
as it differed significantly from the other areas (Table 3). The
SK data were from five basins (sub-areas) along a gradient in
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TABLE 4 | Results of the commonality analysis, showing the percentage of
contribution to the explained variations to the R2adj for the main ZSD models in the
three regions.
Bothnian Sea Baltic Proper Skagerrak
Commonality unit Summer General ModelS1
Unique Chl-a 6 8 9
Unique SPIM 0 17 <1
Unique CDOM 46 <1 71
SPIM & CDOM 42 7 <1
Chl-a & CDOM 8 4 20
Chl-a & SPIM <1 10 <1
Chl-a, SPIM & CDOM −3 53 <1
Total (by definition) 100 100 100
a fjord system (Figure 1, Table 1) and the GLMs resulted in
two models based on differences between sub-areas (Table 3).
A common model for SK1, 2 and 5 (ModelS1) predicted the
ZSD fairly well with a R2adj = 0.64 (n = 61), although the
SPIM component was not significant. A common model for
SK.3 and 4 (ModelS2) had a slightly lower R2adj =0.53 (n
= 54) but a significant SPIM parameter. ModelS1 was chosen
for comparisons between regions since it had higher predicting
power (i.e., R2adj) and included three out of the five sub-areas. The
main models from each region (Table 3), were used for further
detailed analysis and comparisons, and are from here on referred
to in the text, if not stated differently. Since SPIM has strong
scattering properties (Kratzer and Tett, 2009; Kirk, 2011; Kratzer
and Moore, 2018), and there was a strong correlation between
ZSD and SPIM where we had the largest SPIM gradient, we
chose to include the non-significant SPIM parameters (Tables 3,
4). All models had similar intercepts but different parameter
coefficients.
Commonality Analysis
Commonality analysis showed that contribution of the various
optical components to the explained ZSD variation (R2adj) was
different amongst regions (Table 4, Figure 2). In the BS a large
proportion was explained by CDOM alone (46%), together with
the paired interaction of CDOM and SPIM (42%). The SPIM
component had no unique effect and Chl-a alone explained only
6%, whilst CDOM and Chl-a combined contributed somewhat
more (8%) to the variations in ZSD. The common interaction
effect of all three variables in the BS was very low and even
negative. In contrast, the common interaction effect of all three
variables (∼53%) together with the interaction of Chl-a and
SPIM (∼11%) explained most of the variation in ZSD in the BP.
In the SK, CDOM alone explained more than two thirds (∼70%)
of the variation in ZSD. SPIM contributed uniquely with < 1%
and the shared, interactive commonalities were negative, but very
close to zero. Moreover, Chl-a had the most pronounced unique
effect on ZSD in the SK (9%).
Correlation and Multiple Regression
Analysis
Correlation analysis among the predicting variables and ZSD for
each region (Figure 3, Table 5) were used to evaluate the GLMs
and the commonality analyses, and to visualize the data. ZSD was
inversely correlated to Chl-a in all regions, with the strongest
correlation in the BP, moderate in the SK and the weakest in the
BS (Figures 3A,D,G, Table 5). The relationship between ZSD and
CDOM was strong and inverse in all regions (Figures 3B,E,H,
Table 5). The correlation between ZSD and SPIM was inverse
and strong in the BP, but weaker in the BS and absent for SK
(Figures 3C,F,I, Table 5). Correlations between the predicting
variables (i.e., the optical components) also differed among
the regions (Figure 4, Table 5). There were strong positive
correlations between Chl-a and CDOM and between Chl-a and
SPIM in the BP, but these were absent or weak in the BS
and the SK (Figures 4A,B,D,E,G,H, Table 5). The relationship
between CDOM and SPIM was on the other hand positive and
significant in the BS and the BP but not in the SK (Figures 4C,F,I,
Table 5).
Model Performances in Baltic Sea Regions
The main models predicted ZSD well with R2adj between 0.54
and 0.84 and with a rather high precision (RMSE 0.6–1.1m,
equivalent to a NRMSE of only 9–13%) and a very high accuracy
with a low bias (MNB only 1.6–3%) (Table 3). The relative errors
(RMSE) in this study were in the same range as e.g., found in
the Oslo fjord in the Skagerrak (Aas et al., 2014). Outliers have a
large influence on the error statistics (Figure 5 and Figure S4).
In the BS model some ZSD observations deviated from the
model predictions both in the lower, <1.5m and higher, >5m
ZSD range (Figures 5A,B). This explains the lower R2adj and the
NRMSE of 13% of this model. The BP model performed better
over the full range of ZSD, except for a few very high values
(Figures 5C,D). Similarly, the SK model captured the full range
of ZSD well, also for the highest values with a slightly higher
dispersion in the lower ZSD range (Figures 5E,F). The graphs
for the additional models are presented in the Figure S4, as all
models were used for the respective sub-areas in the analysis
of Chl-a influence on EU Directive ZSD targets. Overall, the
biases for all models were low (slightly negative), indicating
a high precision of the estimated ZSD from the models, with
an insignificant underestimation of the predicted ZSD, as all
MNB were <4% (Table 3). The Confidence Intervals (CI) of
the model intercepts and coefficients were calculated using a
two-sided 95% CI and are presented in Figure 6 and Table 6.
The Chl-a coefficients showed the smallest difference among
regions and the narrowest CI, indicating a high precision of the
estimated coefficients. The SPIM coefficients also had a relatively
small range of CI while the range was larger for the CDOM
coefficients. The intercepts were all very close to each other, with
smaller CI for the main models. Generally, the coefficients and
intercepts for SK and BS were closer to each other than to those
for BP.
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FIGURE 2 | Bar chart of the commonality analyses based on the main empirical GLMs (see Table 3). The separated commonalities are presented as % of the
contribution to the R2adj for each model.
FIGURE 3 | Correlation plots between Secchi depth, ZSD (m) and the predicting parameters; Chl-a [µg l
−1] (left), CDOM (m−1) (middle), and SPIM [g m−3] (right).
Graphs (A–C) show data from the Bothnian Sea (BS), (D–F) from the Baltic Proper (BP) and (G–I) from the Skagerrak (SK). The Pearson correlation coefficient, r, is
shown for each data-set, where *, *** denotes significant correlations at 0.01 and 0.0001 levels and no star indicates non-significance. All data have been natural
log-transformed.
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TABLE 5 | Table showing the Pearson correlation coefficient, r, for each data set, where *, *** denotes significant correlations at 0.01 and 0.0001 levels and no star
indicates n.s.
Bothnian Sea
Summer
Baltic Proper
General
Skagerrak
ModelS1
r Chl-a SPIM CDOM Chl-a SPIM CDOM Chl-a SPIM CDOM
ZSD −0.25* −0.47* −0.71* −0.8*** −0.87*** −0.74*** −0.44*** −0.03 −0.77***
Chl-a −0.05 −0.01 0.65*** 0.70*** 0.03 0.27*
SPIM 0.68*** 0.70*** 0.05
All data have been natural log-transformed. The strongest correlations are marked in gray, the modest correlations in light gray and no correlation are presented without marking.
FIGURE 4 | Correlation plots between Chl-a [µg l−1] and CDOM (m−1) (left), Chl-a and SPIM [g m−3] (middle) and CDOM and SPIM (right). Graphs (A–C) show data
from the Bothnian Sea (BS), (D–F) from the Baltic Proper (BP), and (G–I) from the Skagerrak (SK). The Pearson correlation coefficient, r, is shown for each data-set,
where *, *** denotes significant correlations at 0.01 and 0.0001 levels and no star indicates non-significance. All data are natural log-transformed.
Chl-a Influence on the EU Directive Secchi
Depth Targets
For each sub-area within the regions, the deviations from the
G/MZSD threshold were calculated for observed and for modeled
ZSD-values (by the derived empirical GMLs). The modeled
changes in ZSD were obtained by adjusting the Chl-a levels in the
models to (1) G/M value of Chl-a and (2) to the Chl-a reference
value (Figure 7). In the BP all observed ZSD values were below
the G/M ZSD threshold, except one off-shore station in BP.1. All
modeled ZSD values increased but only a few reached or exceeded
the ZSD threshold for good environmental status. Even though
the Chl-a concentrations were lowered considerably (compared
Frontiers in Marine Science | www.frontiersin.org 10 January 2019 | Volume 5 | Article 496
Harvey et al. Secchi Depth, Chl-a, Optics and Management
FIGURE 5 | Graphs showing the observed Secchi depth, ZSD (m) on the
x-axis vs. fitted Secchi depth, ZSD on the y-axis for the main models per
region. The left panel (A,C,E) shows the values in natural log scale and the
right panel (B,D,F) in back-transformed normal scale. The Mean Normalized
Bias; MNB and Root Mean Square Errors; RMSE are indicated for each
model. Graphs for the additional models are shown in the Figure S4.
to the observed values), many of the modeled ZSD values in the
sub-areas were still more than 50% below the ZSD threshold.
In the SK the measured ZSD were generally above or near the
G/M ZSD threshold, indicating good environmental status for
ZSD. For simulated reference Chl-a concentrations there was
some increase of ZSD for the sub-areas SK.3 & 4 (modelS2), with
very few observations below the threshold (Figure 7). However,
for the sub-areas SK.1–2 & 5 (modelS1), the modeled ZSD for
reference andG/MChl-a decreased to near or even below the ZSD
threshold (Figure 7). This is explained by the low observed Chl-a
values, many already below the Chl-a G/M threshold, and that the
G/M Chl-a values used in the models were higher. In the BS most
of the observed ZSD values were above the G/M ZSD threshold
and the distance increased even more for the ZSD modeled from
reference Chl-a values (Figure 7). The median of the modeled
ZSD values with the G/M threshold for Chl-a was not improved.
DISCUSSION
Empirical models were built to estimate the ZSD, based on
the optical components Chl-a, CDOM and SPIM. The results
show that in the studied regions the components contribute
differently to the variations in the ZSD. Our results demonstrate
that contributions from all optical variables to the variation in
ZSD affect the possibility of reaching the current G/M threshold
of ZSD as defined by the WFD and the MSFD.
Different Empirical Models Indicate
Different Optical Conditions
The empirical models and commonality analyses reveal a
variability and inconsistency in the collinearity between the
predicting variables among the studied coastal regions, indicating
complex optical conditions caused by different proportions of
the three optical components. For example, a large difference in
the proportion of inorganic matter, which is strongly scattering,
to organic matter, which is highly absorbing, will have a great
effect on Kd as it is a non-linear function of both absorption and
scatter (Kirk, 2011) (Equation 1). In the BS the SPIM coefficient
in the main model was not significant but the commonality
analysis showed that together with CDOM, SPIM still had a
strong collinear influence on the variation in ZSD. A strong
unique effect was seen for CDOM (∼46%). Riverine CDOM loads
are generally much higher in the BS than in the BP (Harvey et al.,
2015a) and the SK (Figure S2). In the BS gradient there were
very high median values of CDOM, even during the summer
(1.7 m−1) but the SPIM was relatively low (0.6 g m−3) (Table 2).
The high background CDOM absorption leads to a relatively
low reflectance and makes the water appear rather dark. Thus,
a comparatively small increase in SPIM scattering will have a
relatively large influence on the reflectance and, thus on the ZSD.
The commonality analysis showed a rather interesting result for
the SK, here the variation in the ZSD was even more driven
by CDOM alone (70%) than in the BS (Figure 2, Table 4) even
though the levels of CDOM were much lower (0.4 on average),
and the SPIM values relatively high (about 3.2 g m−3 on average),
which indicates that overall, the light attenuation should be
dominated by SPIM scatter (Equation 1). However, the total
effect of SPIM (unique and common effects) on ZSD variation
was much less in the main model for SK (< 1%) than in the and
BP, where SPIM contributed 40 and 85%, respectively. There is
an important distinction between which optical component that
dominates the light attenuation—e.g., scattering from SPIM in
the SK—and which component that drives the variability in light
attenuation. The commonality analysis explains the contribution
of the optical components to the variability of ZSD and is
completely dependent on the covariation and concentrations of
the optical components. The difference between regions may
partly be due to the effect of tidal action at the west coast, which
is hardly detectable in the other two regions. The tidal range
on the Swedish SK coast is rather low, ca. 30 cm, compared to
many other seas, but higher than in the Baltic Sea, where it is
only in the range of a few centimeters. Tidal action may explain
a relatively high background of SPIM in the SK and influence
the CDOM gradient. During high tides, open sea waters currents
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FIGURE 6 | Confidence Interval (CI) for the model coefficients in natural log scale (see Table 3 for model presentations); CDOM slopes, SPIM slopes, Chl-a slopes
and Intercepts for each region (BS; BP and SK). Triangles indicate the main models and filled circles the additional. The bar lines show the 95% CI of each estimated
coefficient.
TABLE 6 | Table showing the 95 % Confidence Interval (CI) of the intercepts and coefficients for the models.
Bothnian Sea Baltic Proper Skagerrak
Summer General ModelS1
Coefficient 2.5% Model 97.5 2.5% Model 97.5% 2.5% Model 97.5%
Intercept 1.4 1.5 1.61 1.38 1.6 1.74 1.42 1.5 1.71
Chl-a −0.21 −0.14 −0.05 −0.36 −0.27 −0.18 −0.17 −0.12 −0.05
SPIM −0.1 0.003 0.11 −0.43 −0.35 −0.27 −0.04 0.04 0.11
CDOM −0.47 −0.38 −0.3 −0.24 −0.09 0.07 −0.49 −0.5 −0.28
Spring Himmerfjärden ModelS2
Intercept 1.07 1.44 1.8 1.39 1.56 1.77 1.17 1.47 1.75
Chl-a −0.25 −0.18 −0.1 −0.35 −0.25 −0.16 −0.23 −0.16 −0.09
SPIM −0.32 −0.18 −0.05 −0.23 −0.14 −0.05 −0.24 −0.11 0.02
CDOM −0.93 −0.66 −0.39 −0.61 −0.4 −0.19 −0.76 −0.5 −0.25
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FIGURE 7 | Boxplots of the % differences to the Good/Moderate (G/M) thresholds of Secchi depth, ZSD for the respective water bodies within the WFD or the MSFD.
The solid line denotes the G/M level for ZSD; the upper dashed green line 50% above; and the lower dashed red line 50% below the ZSD threshold. The boxes for the
different sub-areas represent observed ZSD (Obs), modeled ZSD with Chl-a concentrations set to the respective reference value (ref) and with Chl-a concentration set
to the G/M value for Chl-a. The horizontal lines in the boxplots are the median values, horizontal edges the 25th and 75th percentiles, the whiskers indicate the min
and max observations within 10th and 90th percentiles, and open circles represent outliers.
move into the fjords at the west coast, markedly decreasing
CDOM concentrations (unpublished data from Gullmars fjord,
measured by S. Kratzer), whereas during low tides the water
runs in the reverse direction, i.e., from the inner fjords to the
outer sea, which markedly increases the CDOM concentrations.
The results of the commonality analysis can to a large extent
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be explained by the collinearity between different parameters in
the regions, as reflected in the correlation analysis. For example,
the correlation between ZSD and SPIM was low for the main SK
model, as reflected in the low SPIM coefficient in the model. A
weak correlation (r = 0.27) was found between the Chl-a and
CDOM, which was also reflected in the shared commonality
between the two parameters.
Another explanation for low influence of SPIM is that
the commonality analysis is based on multiple regressions
(assuming a linear relationship between the parameters) and is
thus dependent on the model’s accuracy to predict ZSD. The
coefficients of determination for the models were moderate
both for the SK (R2 = 0.64) and the BS (R2 = 0.54) and the
commonality analyses only explain ∼50–65% of the variation
in ZSD. It should therefore not be used as a tool to explain
the (optical) physics behind ZSD variability but is valuable
for a rough estimation on which parameters may drive the
variability. Figures 3, 4, however, show that in the BP there
are very strong correlations between ZSD and all three main
optical components. The results of the commonality analysis also
showed that SPIM in BP was here the largest single contributor
to ZSD variability (Table 4). The largest effect on the variation
in the BP, however, was from the shared commonality of all
three components (∼53%), which was clearly seen in their
strong negative correlation with ZSD (Figure 3) and the strong
positive correlation (indicating strong collinearity) among them
(Figure 4). This differed from the other regions that had very
low values for the three fold-shared commonalities. The largest
total effect of Chl-a (∼75%) was found in the BP region, even
though the unique effect was slightly stronger in the SK region.
However, in the SK there was also a substantial effect shared
with CDOM (20%). When evaluating the results of commonality
analysis, it is important to stress that the analysis describes the
unique separate and combined statistical effects of each variable
to the explained variation in the R2adj. Consequently, the same
percentage value for a unique contributor in a certain region can
here mean different actual contribution to the variation in ZSD
(Ray-Mukherjee et al., 2014). For example, will the 1 % CDOM
contribution from the commonality model in BP correspond to
a CDOM contribution of 8.4% of R2adj variation CDOM, whereas
the 1 % SPIM contribution in the SK model corresponds to 6.4%
explanation of R2adj.
In summary, based on the commonality analyses the
variations in ZSD were overall mostly governed by CDOM,
both uniquely and together with SPIM in the BS, by all three
parameters jointly and uniquely by SPIM in the BP, and by
CDOM, uniquely and together with Chl-a, in the SK. The
relative contribution of the inherent optical components to Kd
for a large lake dataset from Norway and Sweden was evaluated
in Thrane et al. (2014), where also CDOM was found to be
the dominant component, followed by Chl-a and non-algal
particles, water excluded. Kratzer and Tett (2009) found that
Kd490 was predominantly determined by CDOM absorption,
both in the open and coastal Baltic Sea. In coastal areas
the effect of SPM scatter also had a strong optical influence
(decreasing with distance to the shore), while Chl-a had a
relatively small optical influence, both in the open sea and coastal
areas.
Factors Influencing the Optical Variables
Some of the differences among regions seen in the commonality
analyses models may be explained by the differences in
the inherent optical properties among CDOM, SPIM, and
Chl-a jointly influencing the under-water light conditions and
modulated by changes in physical and hydrological schemes. The
strong correlations observed between CDOM and SPIM are most
likely caused by a strong influence of terrestrial run-off, leading to
a large variation in both CDOMand SPIM, even though run-off is
lower in summer than in spring. However, the same pattern was
not seen in SK, where there on the other hand is a pronounced
tidal effect. Dupont and Aksnes (2013) showed that also the
distance from shore and the bottom depth are significant factors
affecting ZSD, both in the Baltic Sea and the North Sea. In Danish
waters, suspended material and Chl-a was found to be negatively
correlated to ZSD, with a pronounced effect on the variation in
ZSD (Nielsen et al., 2002) similar to our results. Resuspension or
erosion of sediments (i.e., increase of SPIM) have been shown to
affect water optics in other seas as shown by Otto (1966), Devlin
et al. (2008), and Capuzzo et al. (2015), as well as for the BP
(Kratzer and Tett, 2009) and thus may also be pronounced in
many BS coastal areas less dominated by freshwater run-off than
in this study. Even though the SPIM was relatively high in the
SK and seemed influenced by tidal dynamics that may lead to a
relatively strong resuspension of inorganic sediments it showed
an unexpectedly small effect on ZSD variation.
Nutrient input has also been found to be negatively correlated
to the ZSD, by increasing Chl-a levels (Nielsen et al., 2002;
Fleming-Lehtinen and Laamanen, 2012; Aas et al., 2014).
Nutrient inputs are often increased by high run-off that also
introduces more allochthonous CDOM and SPM into the
ecosystem, as is reflected in the correlations between these
variables in this study and in coastal gradients by Kratzer and
Tett (2009) and Capuzzo et al. (2015). Phytoplankton can be a
substantial fraction of total SPM, which means that Chl-a are
often positively correlated with SPOM (e.g., Nielsen et al., 2002).
But Chl-a may also correlate with SPIM, e.g., due to the silica
in diatom blooms or through run-off, increasing both SPM and
nutrients that increase Chl-a. Assuming a phytoplankton carbon
to Chl-a ratio of 40 (Sathyendranath et al., 2009), a carbon
content of 40% and (a high) ash content of 20% (∼25–40% in
diatoms) of dry weight (Whyte, 1987), the range of Chl-a from
1 to 52 µg/l (median 5 µg/l) in the BP should correspond to
SPIM concentrations of 0.02 to 1 mg/l (median 0.1), about a
magnitude lower than the observed range of SPIM (0.1 to 16
mg/l, median 2.1). The SPIM found in algal detritus should also
contribute, possibly in the same concentration range. This means
that, overall the cellular contents of inorganics is relatively small
in algal cells compared to terrestrial inorganic matter originating
from freshwater or coastal erosion.
Kratzer and Moore (2018) investigated the scattering and
absorption properties of the Baltic Sea in comparison to other
seas and oceans. They found that besides an optical dominance of
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CDOM absorption, there was also a clear indication of different
optical water types—open sea vs. coastal waters. Thus, in optical
models different parameterization may have to be sought for
these different water types. This should also be considered when
investigating the effect of all three main optical components on
ZSD. Inner coastal waters are often dominated by SPIM scattering
(Kratzer and Tett, 2009; Kari et al., 2018), which will also clearly
affect the ZSD. Open sea waters are more dominated by CDOM
absorption- and during times of phytoplankton blooms also
by phytoplankton absorption and scatter. The proportion of
inorganic to total SPMdecreases whenmoving from inner coastal
tomore open sea waters (Kratzer and Tett, 2009; Kari et al., 2018).
It is therefore recommendable that current monitoring programs
also include measurements of SPIM in the coastal zone. In the
open sea, total SPM or turbidity measurements can be used to
indicate phytoplankton or cyanobacteria blooms, as the organic
fraction usually falls out very close to the coast (Kratzer and
Tett, 2009; Kari et al., 2018). In all regions CDOM correlated
quite strongly with ZSD (r ranging between −0.71 and −0.77)
(Table 5), which makes CDOM a very important optical variable
to measure in all areas.
Climatological models for the Baltic Sea predict more land
run-off due to an increase in precipitation, especially in the
northern Scandinavian regions (Meier et al., 2012a,b). This might
lead to a brownification due to an increase in humic matter and
suspended organic material to the sea (Larsen et al., 2011; Meier
et al., 2012a). Although the relationships between Kd and ZSD
are variable in the Baltic Sea, stronger light absorption due to
climate change would affect the light climate and the conditions
for primary production by an increase in Kd and thus a decrease
in ZSD (Kowalczuk et al., 2005; Kratzer and Tett, 2009; Harvey
et al., 2015a). Hence, the predicted brownification due to an
increase in precipitation in northern Scandinavia may have a
dominant effect over a possible decrease in Chl-a concentrations
due to recent and future reductions in nutrient loads by effective
management programs, maybe resulting in unchanged ZSD.
Secchi Depth and Implications for
Eutrophication Management
Our results show that using ZSD as a direct eutrophication
indicator may be misleading, as the empirical models, the
commonality analyses and the correlations all show that ZSD
is more strongly related to CDOM and SPIM than to Chl-
a, or that these variables are inter-correlated in the coastal
gradients. Hence, the common assumption that a strong direct
inverse relationship with Chl-a makes ZSD a suitable water
quality indicator has important limitations in the Baltic Sea.
Some anthropogenic measures to reduce nutrient load from run-
off, e.g., changes in land use or wetland area, are also likely
to affect the input of CDOM and SPM to coastal waters and
might mitigate climate change effects. However, natural gradients
of CDOM and SPM from the coast to the open sea (Kratzer
and Tett, 2009; Harvey et al., 2015a) will likely have a main
influence on the response of the ZSD to anthropogenic changes.
Even more important is that those relationships vary with region,
sub-areas and season, meaning that the same ZSD value may
indicate quite different environmental and optical conditions,
influencing the management efforts needed for certain ZSD
improvements. In different optical water types (e.g., clear ocean
vs. coastal waters) the same change in ZSD expressed in meters
can imply very different ranges and combinations of the optical
components (Kirk, 2011). Due to the logarithmic attenuation of
light in the water, a decrease in ZSD from 2 to 1m is related to
much larger changes in concentrations and absorption by optical
components than a ZSD decrease from 10 to 9m (Dupont and
Aksnes, 2013), implying very different management efforts and
costs.
Long-term decreases in ZSD have been observed in both
the open Baltic Sea and the North Sea. In the open Baltic
Sea, increased Chl-a have been linked, to some extent, to
a decrease in ZSD (Sandén and Håkansson, 1996; Fleming-
Lehtinen and Laamanen, 2012; Dupont and Aksnes, 2013),
but the potential importance of CDOM and SPIM was not
evaluated in these studies. ZSD is commonly used as indicator of
eutrophication (HELCOM, 2007; European Commission, 2008,
2010; Karydis, 2009; Fleming-Lehtinen and Laamanen, 2012). In
the WFD and the MSFD, targets and thresholds for both ZSD
and Chl-a are used to classify if water bodies meet the goals
of good eutrophication status (SwAM, 2012, 2015), influencing
management action plans. The long-term time-series of ZSD in
open sea areas and the Chl-a to ZSD relationships have been
used to establish reference chlorophyll values (Hansson and
Håkansson, 2006; Larsson et al., 2006). Due to the lack of long-
term data for coastal areas, these results have been extrapolated
to the coastal zone and neighboring water bodies (Hansson and
Håkansson, 2006). Because of the correlations of Chl-a with
SPM and CDOM in coastal gradients the relationships may
overestimate the response of ZSD to changes in nutrients levels
and chlorophyll.
When the coastal reference and G/MChl-a levels were applied
in the different coastal areas to our models, the G/M levels of ZSD
were unlikely to be met in the BP and in the SK region, but in
the BS, as the latter is less eutrophicated. In the SK the observed
ZSD met or were close to the G/M levels and changing the Chl-
a levels mostly had a negative effect on the ZSD. In the BP the
target levels of ZSD were met only in a very few cases, even when
adjusting the Chl-a levels to the reference conditions. The results
clearly indicate that reducing Chl-a alone will not be enough to
reach a good status also for ZSD depth, or that the current ZSD
targets are not realistic. Riemann et al. (2015) showed that the
modest increase in ZSD measured in Danish coastal waters (over
25 years) was in general not only a response to reduced nutrient
levels and Chl-a concentrations but was related to changes in
other optical components such as lower SPM concentrations, and
thus less scattering. An increase in SPIM at constant levels of
total dissolved carbon (over 21 years), was found to determine
the Kd in a Danish fjord, despite substantial nutrient reduction
leading to a decrease in Chl-a (Carstensen et al., 2013). Therefore,
it may be questioned if the G/M levels of ZSD can be reached
at all for water bodies with high concentrations of CDOM or
SPIM, that are common in coastal waters. In fact, the reference
and G/M thresholds for ZSD will be overestimated in such areas.
The management (as well as the monitoring programs) could
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preferably be changed to be adapted more to the background
values of CDOM and to some extent SPM.
Another important water quality indicator is the depth
distribution of submersed aquatic vegetation (Dennison et al.,
1993; Middelboe and Markager, 1997), which is affected by
eutrophication because of lowered water transparency (European
Commission, 2000, 2010; SwAM, 2015). An appropriate
estimation of ZSD target and reference levels taking into account
natural gradients in CDOM and SPIM is important for setting
correct goals for the depth distribution of submersed aquatic
vegetation (Dennison et al., 1993; Gallegos, 2001; Carstensen
et al., 2013).
The correlation and commonality analyses showed that the
main optical parameters are strongly linked in the Baltic Sea,
and changes in Chl-a concentrations generally co-occur with
changes in both SPIM and CDOM. Our application of the
models when testing the effect on ZSD by changing Chl-a,
assumes that we can change one parameter while keeping the
other parameters constant. This approach can be somewhat
misleading due to the general collinearity between variables.
Strictly speaking, all three main optical components tend to
change in tandem along a specific gradient, and it is therefore
not correct to assume that the model fully captures the response
when both CDOM and SPIM values vary while Chl-a is
assigned to a fixed value. However, this was done in Figure 7
for water types with defined fixed reference values and G/M-
boundaries for Chl-a (BS and SK) in order to show what
an effect a change in Chl-a has in different coastal waters
with different optical properties and composition. For the
BP, Swedish Chl-a reference values are linked to the salinity
gradients so from this point of view, they are more realistic.
Anyhow, a certain nutrient reduction, affecting Chl-a levels,
should have different effects in water bodies with different
levels of CDOM and SPIM. The effect would be largest in
the SK, which has stronger unique and common effects from
Chl-a concentration than found for the other areas. The other
variables are more important, both uniquely and interactively,
in the BS and the BP. Therefore, the effects of reduced Chl-a
levels on ZSD are not only generally lower than predicted
from simple Chl-a to ZSD relationships, they are also very
difficult to estimate with a high degree of certainty in these
areas.
Monitoring of eutrophication within the WFD and the MSFD
does not only take Chl-a and ZSD into account, but they are two
of the most important indicators used- together with nutrients,
biovolume, oxygen conditions, and phytoplankton composition.
Recent assessment of the eutrophication status e.g., within
HELCOM and the Holas II assessment (HELCOM, 2018) use
an integrated eutrophication assessment tool, considering the
joint status of all indicators. A way forward for using ZSD as
an indicator for eutrophication is to refine the ZSD reference
values and thresholds based on the natural relationship among
the optical parameters, preferably by optical modeling also taking
historical data into account. Usually optical data sets have not
been commonly collected withinmonitoring programmes but Kd
often is available frommeasured light profiles. Information about
Chl-a and Kd could then be used to model the historical reference
values for ZSD.
CONCLUSIONS
Secchi depth is a water quality indicator that is easy and relatively
inexpensive to measure. However, it is very hard to interpret
in the complex optical conditions found in the Baltic Sea.
The same ZSD can result from very different combinations of
phytoplankton, SPM and CDOM. Changes in ZSD are commonly
influenced by changes in all optical constituents in the water
column, not only by changes in the Chl-a concentration. With
its uniquely long historical record, ZSD is, and will continue to
be, an important general water quality indicator, as good water
transparency means a lot to laypeople. Hence, as ZSD responds
not only to Chl-a and phytoplankton, it is not an appropriate
indicator for eutrophication assessment in areas such as the
Baltic Sea, especially in coastal areas, with gradients in CDOM
and SPIM. This has implication for management of the Baltic
Sea, as well as of many other coastal and eutrophic waters.
When setting reference and target levels for ZSD for use in
management, it is imperative to consider also the contribution
and response of the other twomain optical components—CDOM
and SPIM- besides Chl-a. Knowledge of local conditions and the
causes and response in optical changes of a given water body
is crucial for developing accurate and attainable goals in the
WFD and the MSFD, both for ZSD and for the depth distribution
of benthic vegetation. Measurements of both absorption and
scattering properties combined with bio-optical modeling may
help to identify alternative approaches to using ZSD as indicator
for eutrophication. For example, the Chl-specific absorption of
phytoplankton could be used as indicator for eutrophication
as it is one of the main parameters determining the ability
of phytoplankton to absorb light and thus their productivity.
As the productive status of a water body may also be light
limited, ZSD may still be an important co-factor for describing
the eutrophication status of a water body. For routinemonitoring
programs at least the measurement of SPM (or turbidity), SPIM
and CDOM should be feasible. Turbidity can be used as a proxy
for SPM scattering and CDOM is measured directly in terms
of absorption. Absorption and scattering can also be derived
from satellite remote sensing data via the Copernicus program
from the European Commission launched by ESA, especially
using data from the Ocean Land Color Instrument (OLCI) on
Sentinel-3. Using these inherent optical properties may guide a
new way forward in eutrophication assessment as the absorption
of phytoplankton as well as the Kd can be derived from remote
sensing data and is directly related to the productive status of the
water body. These additional optical measurements both from in
situ and remote sensing would provide invaluable information
to interpret water quality and would improve both water quality
assessment and management.
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